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Abstract

Previous publications regarding the design and specifications of input filters for STATCOMs usually deal with the input filter
only, and seldom pay any attention to the influence of the input filters on the performance of the STATCOM systems. A detailed
analysis of the influences of input filters on the stability of STATCOM systems and the corresponding design considerations are
presented in this paper. Three types of input filters, L filters, LC filters, and LCL filters, are examined separately. The influences of
the parameters of input filters on system stability are investigated through frequency domain methods. With direct current control
taken as the major control strategy for the STATCOMs, the different situations when adopting different current detection points
are covered in this analysis. A comparison between LC filters and LCL filters is also presented with optimized filter parameters.
Based on the analysis, the phase margin, as one of the design considerations for the different types of input filters under different
current detection schemes, is discussed. This leads to filter parameters that are different than those of the traditional design.
Hardware experimental results verify the validity of the above analysis and design.
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I. INTRODUCTION

A Static Synchronous Compensator (STATCOM) is one
of FACTs (flexible AC transmission system) devices. It can
be utilized to regulate the voltage, control the power factor,
stabilize the power flow and improve the dynamic performance
of power systems [1]–[6]. There is a voltage source converter
connected to the grid through an input filter in a STATCOM
system. There are three types of input filters which are widely
used as low pass filters, L filters, LC filters and LCL filters.

The design of the input filter is important. The input filter is
used to filter the harmonic current at the switching frequency.
It is also related to the compensated reactive power. Many
papers have discussed the choice methods for the parameters
of the input filters in STATCOMs. For example, in [7]–[12],
the design of the inductor of the input filter must satisfy the
ripple current requirement, and, in [13]–[15], the voltage drop
across the inductor must be considered to design the inductor
of the input filter. In [7], the ripple current should be less
than 25%. In [8], the voltage drop across the inductor should
be less than 10%. Two methods mentioned in these papers
are very useful in the choice of parameters for an inductor,
because they present the range of the inductor. However, the
exact equation for designing an input filter should be studied.
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Moreover, the stability of a STATCOM system should be
considered as one of aspects in designing an input filter. In
practical applications, the filtering performance is usually the
main aspect considered in designing an input filter. By using
the experience of practical applications and many experimental
results, the parameters of the input filter are usually designed.
However, if the parameters for the input filters are not suitable
for maintaining system stability, parameter adjustment of the
controller should be presented. In [16]–[18], investigations of
the active damping of input filter resonance are presented.

In this paper, the influences of different types of input
filters on STATCOM systems are analyzed in section II.
Then, in section III, according to the stability requirements,
the corresponding design considerations are presented. Three
types of input filters, L filters, LC filters, and LCL filters, are
examined separately. A method, based on the phase margin,
for designing an input filter is presented. This leads to filter
parameters that are different than those of the traditional
design. After that, hardware experiments are carried out to
verify both the analysis and the specification in section IV.
Finally the last section provides conclusions. Based on the
analysis and design considerations, the conclusions show that
the design of input filters is improved.

II. EFFECT OF DIFFERENT PASSIVE FILTERS ON THE
STATCOM SYSTEM CHARACTERISTICS

The direct current control strategy is used in STATCOM
systems. A detailed analysis of the influences of input filters
on STATCOM systems will be discussed in the follow parts.
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Fig. 1. simplified system configuration.

Fig. 2. block diagram of STATCOM.

Also, three types of input filters, L filters, LC filters, and LCL
filters, are investigated separately.

In the traditional process of design, when the model of
the STATCOM and the parameters are known, then a PI
regulator can be used to design a closed loop STATCOM
system. However, the parameters for the input filters which
are designed by using the traditional methods are not precise
enough. In the design process, a change of the input filters
is not convenient. Therefore, a common and proper parameter
for a PI regulator should be chosen, and the influences of the
main circuit parameters on a STATCOM system should be
analyzed. Then a more optimized method for the design of
input filters is obtained.

A. Analysis of the Influence of the L filter

A simplified system configuration is shown as Fig.1. A
voltage source inverter is used in the main circuit of the
STATCOM. The STATCOM is used to compensate the reactive
current. us is the source voltage. Ls and Rs are the source
impedance. iL is the load current. ire f and ic are the reference
current and the output current. L1 and R1are the impedances
of L filter. PWM control is carried out. A block diagram
of the STATCOM is presented in Fig.2. The PWM part is
considered as a proportion and time delay part. kPWM is the
proportion. Ts is the constant of the delay time of the PWM.
kd is the feedback proportion. kp is the value of the proportion.
Because the value of the integration is very small in practical
applications, the value of the proportion is mainly considered.

The open loop transfer function is shown in (1).

GL P(s) =
kdkpkPWM

(s Ts
2 +1)[R1 +Rs + s(L1 +Ls)]

. (1)

The cut-off frequencies are ω1 and ω2, where ω1<ω2. A
group of parameters is chosen to analyze the influence of the
input filter, where Ls=0.5mH, L1=1mH, f s=10kHz, Rs=0.2Ω,
R1=0.1Ω, kd=0.06, kp=5, kPWM=80. Bode plots can be carried
out when the parameters R1 and L1 are changed.

From Fig. 3(a), R1 has only a small influence on the
magnitude of the low frequency, and has no influence on the
magnitude of the medium frequency or the high frequency.

(a) bode plot of changing the variable R1.

(b) bode plot of changing the variable L1.

Fig. 3. bode plots of open loop transfer function.

Fig. 4. relationship between the phase margin γ and the inductor L1.

When the resistor R1 increases, the cut-off frequency increases
and the magnitude of the low frequency decreases. From Fig.
3(b), L1 affects the magnitude of the medium frequency and
the high frequency, but does not affect the magnitude of the
low frequency. When the inductor L1 increases, the cut-off
frequency decreases. Compared with the situation without the
L filter, the cut-off frequency decreases and the effect on the
noise attenuation becomes better. The relationship between the
phase margin γ and the inductor L1 is illustrated in Fig. 4. The
more the inductor increases, the bigger the phase margin is.
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Fig. 5. simplified system configuration.

Fig. 6. block diagram of STATCOM.

B. Analysis of the Influence of the LC filter

For the analysis of the LC filter, two different situations
when adopting different current detection points are covered.

1. The feedback loop does not contain a capacitor
The open loop transfer function is shown in (2).

GLC P(s) =
kdkpkPWM

Tss
/

2+1
·

s2LsC+ s(Rs +Rd)C+1
(sL1 +R1)[s2LsC+ s(Rs +Rd)C+1]+ (sRdC+1)(sLs +Rs)

(2)

The resonance frequency is shown as (3).

f
′
res=

1
ω ′res

=
1

2π

√
Ls +L1

LsL1C
(3)

Fig. 7 shows a Bode plot. The influence of the LC filter on
the system characteristics can be seen in Fig. 7. It is nearly
the same as the L filter.

From Fig. 7(a), when the inductor L1 increases, the cut-
off frequency ω1 as well as the magnitude of the medium
frequency and the high frequency decrease. Compared with
the situation without the LC filter, the cut-off frequency, the
resonance frequency of the LC filter f res and the resonance
frequency of the system f res decrease. Also, the effect on the
noise attenuation becomes better. The relationship between the
phase margin γ and the inductor L1 is illustrated in Fig. 8(a).
The more the inductor increases, the bigger the phase margin
becomes. In Fig. 7(b), when the capacitor C increases, the
cut-off frequency increases and the effect on noise attenuation
becomes worse. As can be seen in Fig. 8(b), the more the
capacitor increases, the bigger the phase margin becomes. Rd
has only a small influence on the magnitude at the resonance
frequency.

2. The feedback loop contains a capacitor
The open loop transfer function is shown in (4).

GLC P(s) =
kdkpkPWM

s Ts
2 +1

·

sRdC+1
(sL1 +R1)[s2LsC+ s(Rs +Rd)C+1]+ (sRdC+1)(sLs +Rs)

(4)

(a) bode plot of changing the variable L1.

(b) bode plot of changing the variable C.

(c) bode plot of changing the variable Rd .

Fig. 7. bode plots of open loop transfer function.
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GLCL P(s) =
kdkpkPWM

s Ts
2 +1

· s2(Ls +L2)C+ s(Rs +R2 +Rd)C+1
(sL1 +R1)[s2(Ls +L2)C+ s(Rs +R2 +Rd)C+1]+ (sRdC+1)[s(Ls +L2)+Rs +R2]

(5)

GLCL P(s) =
kdkpkPWM

s Ts
2 +1

· sRdC+1
(sL1 +R1)[s2(Ls +L2)C+ s(Rs +R2 +Rd)C+1]+ (sRdC+1)[s(Ls +L2)+Rs +R2]

(6)

(a) relationship between the phase margin γ and the inductor
L1.

(b) relationship between the phase margin γ and the capacitor
C.

Fig. 8. relationship between the phase margin γ and the variables.

Fig. 9. simplified system configuration.

Fig. 10. block diagram of STATCOM.

Fig.11 is a Bode plot. The influence of the LC filter on the
system characteristics can be seen in Fig. 11.

The influences of the variables L1, C and Rd on the system
characteristics are the same as when the feedback loop does
not contain a capacitor. The more the inductor L1 increases,
the bigger the phase margin becomes. However, by increasing
the variable C, the phase margin decreases, and the system
changes from the unstable state to the stable state.

C. Analysis on the Influence of the LCL filter

1) Analysis of the Influence of the LCL filter: There are
also two different situations when adopting different current
detection points in the analysis. A simplified system configura-
tion and a block diagram of the STATCOM can be presented,
and an open loop transfer function can be obtained. Then, the
analysis can be carried out.

1. The feedback loop does not contain a capacitor
The open loop transfer function is shown in (5).
The influences of L1, C and Rdon the STATCOM system

are the same as with the LC filter, and the influence of L2 is
mainly analyzed here.

The inductor L2 affects the magnitude of the low frequency
and the medium frequency, while the effect on the high
frequency noise attenuation does not change. However, the
peak value of the resonance may cross the zero value of the
magnitude axes several times, and this issue should be paid
attention to when a system is designed. The more the inductor
L2 increases, the bigger the phase margin becomes.

2. The feedback loop contains a capacitor
The open loop transfer function is shown in (6).
The influences of the variables L1, C and Rd on the system

characteristics are the same as when the feedback loop does
not contain a capacitor. The more the inductor L1 increases,
the bigger the phase margin becomes. However, by increasing
the variable L2, the phase margin decreases, and the system
changes from the unstable state to the stable state.
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(a) bode plot of changing the variable L1.

(b) bode plot of changing the variable C.

(c) bode plot of changing the variable Rd .

Fig. 11. bode plots of open loop transfer function.

(a) relationship between the phase margin γ and the inductor
L1.

(b) relationship between the phase margin γ and the capacitor
C.

Fig. 12. relationship between the phase margin γ and the variables.

Fig. 13. simplified system configuration.

Fig. 14. block diagram of STATCOM.
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Fig. 15. bode plot of changing the variable L2.

Fig. 16. relationship between the phase margin γ and the variable L2.

Fig. 17. block diagram of STATCOM.

Fig. 18. block diagram of STATCOM.

Fig. 19. bode plot of changing the variable L2.

Fig. 20. relationship between the phase margin γ and the variableL2.

III. DESIGN OF THE INPUT FILTER

In [7], the value of the inductor should satisfy (7).

L≥ Udc

8ηL fswIn
(7)

where, Udc is the DC side voltage, In is the rms value of
the output current, f sw is the switching frequency, ηn is the
coefficient of the ripple current, and ηn<25%.

In [8], the value of the inductor should satisfy (8).

L≤ εLUs

ωIn
(8)

where, εL is the coefficient of the voltage drop, and εL<10%.
Therefore, the range of the inductor is shown in (9).

Udc

8ηL fswIn
≤ L≤ εLUs

ωIn
. (9)

The relationship in (9) is the traditional method for design-
ing an input filter.

A. Design of the L filter

According to the analysis in part II of this paper, there is
a very important relationship between the phase margin γ and
the variables of the input filter. As a result, the phase margin
γ , considered as one of input filter’ parameters, can be used
to design the input filter. It is good for both the stability and
reliably of the whole STATCOM system. By using the analysis
in part II, the variables R1 and Rs have a very small influence
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at the cut-off frequency ωc, so they can be ignored. The phase
equation and the magnitude equations are shown in (10) and
(11).

ωc = 2 fswctgγ (10)

AL P(ωc) =
kdkpkPWM√

[1+(ωcTs
2 )2]ω2(L1 +Ls)2

= 1 (11)

where, f sw is the switching frequency. By combining the phase
equation with the magnitude equation, the inductor of the L
filter can be carried out as (12). Equation (12) for designing
the L filter can be used in practical applications.

L1 =
kdkpkPWM sinγ

2 fswctgγ
−Ls (12)

B. Design of the LC filter

The phase margin γ , considered as one of parameters, can
be used to design the LC filter. When the feedback loop does
not contain a capacitor, the variables R1, Rd and Rs have a
very small influence at the cut-off frequency ωc, so they can
be ignored. The phase equation and the magnitude equation
at the cut-off frequency are shown in (13) and (14).

ωc = 2 fswctgγ (13)

ALC P(ωc) =
kdkpkPWM

L1LsC
• 1−ω2

c LsC

ωc(ω
′
res

2−ω2
c )
√

[1+(ωcTs
2 )2]

= 1

(14)
where, ω ′resis the resonance frequency. Equation (14) shows
the relationship between the inductor L and the capacitor C,
and it can be used to design an LC filter.

When the feedback loop contains a capacitor, equation (15)
can be obtained by using the same method as when the feed-
back loop does not contain a capacitor. The equation denotes
the relationships between the capacitor and the inductor.

C =
2 fswctgγ(L1 +Ls)− kdkpkPWM sinγ

8L1Ls f 3
swctg3γ

(15)

C. Design of the LCL filter

The design of the LCL filter is similar to the design of
the LC filter. The method can be obtained by using L2+Ls to
replace Ls. If the feedback loop does not contain a capacitor,
the effect on the high frequency noise attenuation is strongest
when L2=0. Then, the LCL filter becomes an LC filter. If the
feedback loop contains a capacitor, the values of the inductors
L1 and L2 are discussed here when the total value of the two
inductors is a constant.

The resonant frequency is fres=
√

1
/

L1C+1
/

L2C
/
(2π),

where L1+L2=L. If L is a constant, then f res is minimal,
when L1=L2=L/2. The smaller f res is, the better the effect on
the noise attenuation becomes. Therefore, if Ls, Cand f

′
resare

constants, the LCL filter has a smaller total inductor value than
the LC filter. As a result, the LCL filter is better than the LC
filter.

A comparison of the three types of the input filters, L filters,
LC filters, and LCL filters, was carried out and is shown in
Fig. 21. The total value of the inductor is 1mH. From Fig. 21,

Fig. 21. bode plot of open loop transfer function with different input filter.

(a) L1=1mH. (b) L1=3.5mH.

Fig. 22. output current of STATCOM with L filter (t: 4ms/div i: 2A/div).

if the capacitor C is a constant, the LCL filter needs a smaller
value for the inductor than an LC filter with the same filtering
performance.

IV. EXPERIMENTAL RESULTS

Different parameters for the input filters have different
system characteristics. In order to verify the analysis of the
influences on a STATCOM system, hardware experimental
results are presented. An experimental system with a low
voltage and rating was used to verify the conclusions by using
qualitative experimental results.

A. L filter

From Fig.22, it can be seen that when the inductor
L1 increased, the values of the medium frequency and the
high frequency current decreased. The cut-off frequency of
the STATCOM became lower and the filtering performance
became better. Moreover, with an increase in L1, the current
of the low frequency oscillation became smaller and the
waveform became more sinusoidal. Then, the system was more
stable. The hardware experimental results shown in Fig. 22
verify the validity of the analysis in part II.

B. LC filter

1. The feedback loop does not contain a capacitor
In Fig.23, when the inductor L1increased, the value of the

medium frequency and the high frequency current decreased.
It had the same conclusions as L filter. Moreover, when the
capacitor C increased, the magnitude of the high frequency
current became smaller and the phase margin became bigger.
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(a) L1=1mH, C=20mF. (b) L1=1mH, C=50mF.

(c) L1=3.5mH, C=50mF. (d) L1=3.5mH, C=80mF.

Fig. 23. output current of STATCOM with LC filter when the feedback loop
did not contain capacitor (t: 4ms/div i: 2A/div).

(a) L1=1mH, C=20mF. (b) L1=1mH, C=50mF.

(c) L1=3.5mH, C=50mF. (d) L1=3.5mH, C=80mF.

Fig. 24. output current of STATCOM with LC filter when the feedback loop
contained capacitor (t: 4ms/div i: 2A/div).

The experimental results shown in Fig. 23 verify the analysis
above.

2. The feedback loop contains a capacitor
In Fig.24, when the inductor L1increased, the value of the

medium frequency and the high frequency current decreased.
Moreover, when the capacitor C increased, there was a low
frequency oscillation. This was due to a decrease in the
phase margin. When the inductor L1increased again, the low
frequency oscillation disappeared. This happened because the
phase margin increased again when the inductor L1 increased
again. The experimental results shown in Fig. 24 verify the
analysis above.

(a) L1=0.5mH, L2=0.5mH,
C=20mF.

(b) L1=0.5mH, L2=0.5mH,
C=50mF.

(c)
L1=3.5mH,L2=0.5mH,C=20mF.

(d)
L1=3.5mH,L2=0.5mH,C=80mF.

(e) L1=3.5mH, L2=1mH, C=20mF.(f) L1=3.5mH, L2=1mH, C=80mF.

Fig. 25. output current of STATCOM with LCL filter when the feedback loop
did not contain capacitor (t: 4ms/div i: 2A/div).

C. LCL filter

1. The feedback loop does not contain the capacitor
When the inductors L1 and L2 increased, the value of the

medium frequency and the high frequency current decreased.
Moreover, when the capacitor C increased, there was no low
frequency oscillation. The system was stable. The experimen-
tal results verified the analysis in part II.

2. The feedback loop contains a capacitor
When the capacitor C increased, there was a low frequency

oscillation. This was due to a decrease in the phase margin.
When the inductor L1 increased again, the low frequency oscil-
lation disappeared. This happened because the phase margin
increased again when the inductor L1 increased again. The
experimental results verified the analysis in part II.

All of the hardware experimental results verify the validity
of the analysis and the design in part II.

V. CONCLUSIONS

In this paper, a detailed analysis of the influence of input
filters on STATCOM systems is presented, and a new method
for designing the input filter of a STATCOM is proposed. The
following conclusions can be obtained.
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(a)
L1=0.5mH,L2=0.5mH,C=20mF.

(b)
L1=0.5mH,L2=0.5mH,C=50mF.

(c)
L1=3.5mH,L2=0.5mH,C=20mF.

(d)
L1=3.5mH,L2=0.5mH,C=80mF.

(e) L1=3.5mH,L2=1mH,C=20mF. (f) L1=3.5mH,L2=1mH,C=80mF.

Fig. 26. output current of STATCOM with LCL filter when the feedback loop
contained capacitor (t: 4ms/div i: 2A/div).

1) For an L filter, when the inductor increases, the phase
margin of the system increases.

2) For an LC filter, when the feedback loop does not contain
a capacitor, the phase margin of the system increases when the
inductor and the capacitor increase. When the feedback loop
contains a capacitor, the phase margin of the system increases
when the inductor increases.

3) For an LCL filter, when the inductor L2 increases, the
phase margin of the system increases. The LCL filter needs a
smaller total value for the inductor than an LC filter with the
same filtering performance.

4) The phase margin can be used to design input filters. The
exact equations for designing input filters are proposed.

Based on the analysis and design considerations, the con-
clusions show that the proposed design of the input filters is
more optimal than the traditional method.
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